Plasma research poses a radiation hazard. Due to the program of deuterium plasma research using the PF-1000 device, it is an intensive source of neutrons (up to 10 11 n · −1 ) with energy of 2,45 MeV and ionizing electromagnetic radiation with a broad energy spectrum. Both types of radiation are mostly emitted in ultra-short pulses (∼100 ns). The aim of this work was to test and calibrate the RSS-131 radiometer for its application in measurements of ultra-short electromagnetic radiation pulses with broad energy spectrum emitted during PF-1000 discharge. In addition, the results of raw measurements performed in the control room are presented. 87.55.N, 52.58.Lq 
Introduction
The fusion of light elements is considered to be a promising source of energy in the future. Due to this fact, in many countries intensive research into fusion is conducted and the scope of plasma experiments is so broad that the aspect of radiation hazard must be the subject of separate studies [1, 2] . To tackle this challenge, the independent program on human hazard during plasma experiments in * E-mail: szewczak@clor.waw.pl Poland has been conducted in the Central Laboratory for Radiological Protection (CLRP). In many research centers in Poland plasma studies are undertaken but it is the Institute of Plasma Physics and Laser Microfusion (IPPLM) where the biggest dense Plasma Focus (PF) named PF-1000 is operating [3] . The electromagnetic radiation that accompanies D-D plasma experiments conducted on PF-1000 device has been weakly investigated so far. The monitoring of the radiation hazard is a very complex task due to the character of emitted radiation: neutrons must be monitored separately to the electromagnetic radiation; the nature of the electromagnetic radiation is either unknown or poorly known; the time scale of electromagnetic radiation emission covers both nanoseconds and hundreds of years. The aim of this work was to choose a suitable radiation monitor that could register the immediate electromagnetic radiation that accompanies plasma generation in the PF-1000 device. The chosen radiometer was carefully calibrated to prove its applicability, and first measurements in the control room were realized. This is the first stage of a series of experiments that are dedicated to radiation examination and -after that -the analysis of human hazard during plasma experiments.
Material and methods

The nature of electromagnetic radiation accompanying D-D plasma research conducted on the Plasma Focus device
The PF-1000 device is a Z-pinch type machine and during D-D (D: deuterium) experiments a large number of neutrons (up to 10 11 n · −1 ) is generated [4] . Due to the fact that plasma experiments are mostly associated with neutrons and electromagnetic radiation with different energies, people who conduct research are subject to radiation hazard. The radiation field that accompanies D-D research performed on PF-1000 is always pulsed (∼100 ns). Neutrons that are emitted during D-D fusion have an energy of 2,45 MeV [5] . Due to their interactions with nuclei present in the plasma focus, but also in the vacuum vessel walls and its surroundings, there are a lot of slowed down neutrons also in the neutron spectrum presented at the research facility. The electromagnetic radiation accompanying fusion has a different origin. Some gamma radiation is generated in the fusion reactions, which has a very high energy (24 MeV) but the amount is five orders of magnitude lower than the total neutron emission yield. Due to the fact that a huge number of electrons escape from the plasma focus and interact with the device anode, a massive contribution from bremstrelung radiation is expected. The neutrons that interact with nuclei result in the generation of so-called prompt gamma radiation. This radiation has an immediate character unlike the gamma radiation that is the result of the neutron activation processes. The hot dense plasma that is generated during discharges is also the source of electromagnetic ionizing radiation with a broad energy spectrum. The delayed gamma radiation has a half-life ranging from less than a second up to the hundreds of years.
Characteristics of the RSS-131 radiometer
A dosimeter equipped with ionization chamber has been put into testing 1 . Originally, the RSS-131 radiometer was designed to measure the ultra-low values of the dose rate of gamma radiation at the range of µGy · h −1 with an accuracy of up to 5%. The sensing component of the device is a spherical ionization chamber with a cathode of diameter 25 cm and is made of stainless steel. In the center of the cathode a spherical anode with a diameter of 5 cm is also placed. The cathode is connected to the negative potential range 400 V. The workable gas is argon, under a pressure of 25 atm. In order to minimize external interference, the ionization chamber is connected directly to part of the electrometric system. According to the radiometer specification, it is capable of measuring the exposure dose rate range 0 to 100 µGy · h −1 . An important parameter of the radiometer is its range of energy sensitivity. The ionization chamber is able to measure ionizing electromagnetic radiation with energy from 60 keV up to 8 MeV. The energy characteristics of the radiometer are presented in Figure 2 . In our own study we confirmed empirically the manufacturer's declaration, assuming a linear energy calibration of the instrument in the energy range: from 33 keV up to 1,3 MeV. But when the electromagnetic radiation energy decreased below 60 keV, the efficiency of registration of the radiation dramatically decreased. Thus the manufacturer assumed that the lower energy threshold for this radiometer is equal to 50 keV. This declaration was also confirmed during our own radiometer calibration procedure. During the exposure to radiation, an electric charge is generated inside the chamber. This charge is proportional to the amount of photons absorbed in the active volume of the chamber. Due to the electrical voltage applied to the cathode the chamber is operating in the saturation regime. This ensures that all of the generated charge is collected on the surfaces of the electrodes. Thus, the resulting current is proportional to the incident photons flux density and their energy. The ionization current that is generated during the ionization of the working gas (I ) is transferred to the voltage (V ). That is the task of the stabilized operational amplifier. The value of the voltage that appears is proportional to the air kerma rate. Voltage sampling in the circuit is performed at a frequency of 1 s.
Radiometer testing procedures
The calibration of the RSS-131 radiometer had four components. They were: determination of the linearity of the chamber response as a function of electromagnetic radiation intensity, its energy efficiency and time response, and finally the efficiency of neutron radiation discrimination. Due to the ultra-short character of radiation pulses that are emitted by the PF-1000 device during the plasma discharge, the time response of the radiometer has a crucial meaning. The main part of the performed tests was realized in the Accredited Laboratory for Dosimetric and Radon Instruments Calibration (ALDRIC) which is a part of CLRP. The stands for Gamma Radiation Calibration (γ-RC stand), RTG Calibration (RTG-C stand) and subsequently the Neutron Calibration Stand (n-C stand) were used. At the Faculty of Mechatronics (FM), Warsaw University of Technology (WUT), verification of the time response of the radiometer was conducted. The X-ray apparatus used allowed for the production of single repetitive X-ray pulses with a 1 ms duration.
Linearity response calibration
Calibration of the radiometer response linearity as a function of air kerma rate (K ) was carried out in a standard field of gamma radiation coming from the radionuclide 137 Cs. The range of air kerma rate used in the calibration process covered the following range: from 0,3 µGy · h 
Energy response calibration
Calibration of the energy characterization of the chamber was conducted for energies from 33 keV to 1,3 MeV. These measurements were performed in ALDRIC of the CLRP at the γ-RC stand and RTG-C stand respectively. A series of narrow spectra (N) were used during calibration, using the RTG-C stand. This activity was in a full accordance with the international standard ISO 4037 2 . A detailed list of energy used in the calibration process has been listed in Table 1 .
Test of the radiometer response as a function of exposure time
The survey of the radiometer response as a function of exposure time was conducted on FM of WUT using a medical X-ray machine at an accelerating voltage of 125 kV and 400 mA of current glow. The purpose of the test was to measure the maximal value of the air kerma rate K M registered by the radiometer. The chamber was set at the reference point at a distance of 1,5 m from the X-ray tube focus and 13 exposures were made inside the main X-ray beam with the constant value of air kerma rate equal to 0,12 mGy·h −1 . However, the durations of exposure varied from 1,2 ms up to 20 ms. Finally, for each value of the exposure time the transient response factor C(t) was determined according to the following formula:
where: W W -the reference value of air kerma rate which is a constant value, t -exposure time, K M (t) -the maximal value of air kerma rate that was registered by means of the RSS-131 radiometer during exposure time t. The curve of radiometer response as the function of exposure time was determined during the above tests. The experimental results were fitted by the following exponential function:
Verification of the ability for neutrons discrimination
Usually for the purpose of radiation protection it is essential to determine the value of the γ component when the mixed field n+γ is the subject of the radiation hazard prediction. The sensitivity of the radiometer for neutrons is the important measure for the accuracy of the dose assessment. In order to determine the effect of neutron radiation on the final outcome of the measured air kerma rate, the chamber was examined at the n-C stand armed with an Am-Be neutron source and the γ-RC station using an 241 Am isotope respectively. Mixed n+γ radiation emitted from the Am-Be source was characterized with the use of two devices: Sensitive to neutron radiation, a Berthold radiometer equipped with a probe type LB6411 has high discrimination of the gamma radiation component while the recombination chamber type GW2 equipped with electrometer Kiethley was insensitive to neutron radiation. The gamma radiation component K GW and the neutron radiation component H * (10) B were both determined very precisely. The recombination chamber GW2 was calibrated using reference fields of gamma radiation originating from a source of 241 Am. As a result, the calibration coefficients N GW A were determined. On the basis of this procedure the calibration coefficient N RS A , was determined for the RSS-131 device. The RSS-131 radiometer's ability to discriminate the neutron radiation component has been reflected in the form of the discrimination factor. This factor describes the contribution of the neutron radiation expressed as the ambient dose equivalent rate equal to the 1 mSv·h −1 in the final measurement result of RSS-131. The above factor is described by the following formula:
where: K GW -value of the air kerma rate measured by GW2 chamber taking into consideration the calibration factor N GW A , K RS -value of the air kerma rate measured by RSS-131 taking into consideration the calibration factor N RS A , H * (10) B -value of ambient dose equivalent rate of neutron radiation and measured by means of Berthold radiometer.
Preliminary measurements
The preliminary measurements using an RSS-131 unit were undertaken in the control room of the PF-1000 (see Figure 1 ) during discharge numbers from 9955 to 9959. Discharges were realized using deuterium as a working gas and the potential 23 kV. Taking into account the instrument calibration, the air kerma values for the particular discharge were calculated.
Results
The calibration results for the linearity response are presented in Figure 2 . During this calibration it has been confirmed that the device is characterized by linearity of response in the entire considered range. Energy calibration results are presented in the form of a chart, in Figure 3 . The obtained results are in good agreement with the radiometer's technical specifications. In Figure 4 , the (2) was established as 1 237 ± 0 002. The result of C(t) factor estimation is presented in Figure 5 . Based on the conducted measurements, the following value of the neutron discrimination factor S = 0 0125 ± 0 002 was adopted.
The results of research that were obtained during the determination of the discrimination factor are presented in Table 2 . Figure 6 presents the pulses of the electromagnetic radiation registered by RSS-131 in the control room for discharges number from 9955 to 9959.
Conclusions
People who are involved in plasma research conducted at the PF-1000 facilities are exposed to different types of penetrating radiation. This radiation is composed of neutrons from D-D reactions and ionizing electromagnetic radiation with various origins. The scale of this hazard is ultra-low, however some part of the radiation hazard could increase with the increase of neutron budget being being used during subsequent years of research. The nature of the electromagnetic radiation has been poorly investigated so far. The time scale of electromagnetic radiation starts from ns and tretches to hundreds of years. The energy scale of the emitted electromagnetic radia- tion ranges from fractions of an eV to many MeV. For the immediate radiation hazard monitoring, the RSS-131 radiometer was chosen. The other instruments -a Berthold radiometer equipped with probe type LB6411 and recombination chamber type GW2 equipped with electrometer Kiethley -were involved in the RSS-131 testing process. The linearity of the RSS-131 response was confirmed (see Figure 2 ) during the calibration using the gamma radia-tion with energy 0,662 MeV. The time response of the radiometer was the subject of separate independent research which provided limited confidence considering the indication of the instrument. As it was shown with the preliminary measurement the device under test is capable of measuring ultra-short pulses of electromagnetic radiation in the mixed gamma/neutron field. On the specially dedicated standardized stand, the research disclosed a real discrimination (regarding neutrons) factor that is equal to Sn=0,0125. The delay electromagnetic radiation hazard due to neutron activation is the subject of a separate publication.
